Meanwhile, a continuous electronic crossover involving 3d xy and 3d xz (3d yz ) orbitals is also revealed in the nematic state, which stems from the Hund's
coupling induced electronic correlation. These two findings verify a remarkable collective effect between electronic correlation and SOC, which leads to the unexpected entanglement of spin and orbital degrees of freedom in FeSe.
Electronic correlation is widely accepted as a predominant physical origin to produce the various quantum matter states in high-temperature superconductors(HTS) including cuprates superconductors [1] and Fe-based superconductors (FeSCs) [2, 3, 4] . In contrast, spin-orbit coupling (SOC) due to the relativistic motion of electrons was always considered to be insignificant in these HTS families. However, a renaissance on the spin-orbit coupling in FeSCs is greatly promoted by the recent efforts to search the influence of SOC on physical properties [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In general, SOC can intertwine spin and orbital degrees of freedom (d.o.f.) in solids and induce plenty of intriguing physical properties, such as nontrivial topological nature [22] [23] [24] [25] and exotic superconducting pairing [26] [27] [28] . Very recently, the SOC-induced nontrivial topological nature has been successfully verified in iron chalcogenides superconductors [18] [19] [20] .
However, the experimental evidence for interplay between electronic correlation and SOC is still elusive in FeSCs [12] [13] [14] [15] [16] [17] .
FeSe is a potential material to explore the interplay between electronic correlation and SOC effect. Due to the prominent electronic correlation, FeSe experiences a distinctive nematic transition compared to iron-pnictides superconductors (Fig.1a ) [29] [30] [31] . Below the nematic transition temperature (T nem ~ 90K), only an orbital order is observed but long-range magnetic order is absent down to the superconducting temperature (T c ~ 8.9K) [32, 33] . Meanwhile, a sizeable band splitting due to SOC is confirmed by the recent angle-resolved photoemission spectroscopy (ARPES) measurement in FeSe, which still survives in the presence of orbital order below T nem [11, 17] . Moreover, a significant anisotropy on spin excitations is also observed in the nematic state by inelastic neutron scattering experiment(INS) [12] , suggesting a prominent role of SOC in the nematic state. Therefore, an unprecedented collective effect between electronic correlation and SOC is expected in the nematic state of FeSe.
Here, we report a site-selective nuclear magnetic resonance (NMR) study on FeSe single crystal to reveal a novel spin-orbit entanglement in the nematic state. In the previous NMR studies [32, 33] , only 77 Se nuclei are measurable and the 57 Fe nuclei are almost immeasurable due to the low abundance (~2.12%) and the small nuclear gyromagnetic ratio ( remarkable splitting of NMR spectra is observed below T nem for both nuclei, which is ascribed to the formation of two orthogonal nematic domains with and [31] [32] [33] [34] [35] . Under out-of-plane magnetic field, since both of nematic domains are equivalent, there is no clear splitting for NMR spectra with below T nem (see Supplementary Information S2). The absence of splitting in 57 Fe NMR spectra with excludes a translational symmetry breaking in one Fe unit-cell due to exotic orbital ordering [36] , supporting the identical orbital configuration at each Fe site (see Supplementary Information S2 for details).
Then, we extract the Knight shift K α (α = a, b, c) from the peak position of NMR spectra. The temperature-dependent Knight shift for both 77 Se and
57
Fe nuclei are shown in Fig. 2 . Usually, the Knight shift could be divided into two parts: . This is inconsistent with our experimental result. Only a dominant 3d xy character could be fitted to the observed anisotropy for A α . This result indicates a predominant contribution from electrons with 3d xy character on the local spin susceptibility. In fact, a strong orbital-dependent correlation effect has already been observed in iron chalcogenides [37, 38] . Electronic crossover involving 3d xy and 3d xz (3d yz ) orbitals
With the above knowledge on the orbital dependent local spin susceptibility, we could further explore its evolution in the nematic state. As shown in Fig.2d [38] [39] [40] . How to understand the underlying physics about the evolution of 3d xy orbital-relevant energy bands is still elusive. Our present NMR results offer a complementary information from a local viewpoint and suggests an emergent coherent-state at low temperature. In the coherent state, the orbital-dependent local spin susceptibility has been reconstructed with a depressing of 3d xy character, which leads to an increase of the spectral weight related to 3d xy orbital in ARPES experiment [37] . This is consistent with a Hund's coupling determined coherence-incoherence electronic crossover [41] [42] [43] [44] . Similar electronic crossover has been widely observed in iron chalcogenides superconductors without the nematic transition [37] . Our result indicates that the nematic transition plays a role as activator for such electronic crossover in bulk FeSe.
Evidence for spin-space anisotropy: uniform spin susceptibility
Next, we turn to the detailed analysis on the splitting of NMR spectrum under below T nem . As we discussed before, the splitting of NMR spectrum is due to [32] .
This conclusion is correct only when both and are proportional to
. Within a trivial orbital order scenario, a moderate SOC would only produce a negligible , which should be proportional to . This is verified by RPA calculation on a trivial orbital order in FeSCs [45] . Under this situation, the above conjecture is naturally satisfied. This result is also ascribed to an orbital-driven scenario for nematic order [32] . However, the present result proves that has a sizable value and is not linearly coupled to .
As shown in Fig.3a , when we plot the for both 77 Se and 57 Fe nuclei together, there is a clear difference between and below a characteristic temperature T * ~ 75K. Especially for , it starts to decrease below ~ 60K, which has already been observed in previous NMR measurement. But the origin for such behavior is still elusive [32, 33] . A strong temperature-dependence for the average in-plane spin susceptibility( )) is considered as one possible explanation. In fact, the in-plane bulk spin susceptibility is almost temperature-independent below 60K as similar as the spin shifts for both 77 Se and 57 Fe nuclei (see Supplementary Information S3). Such explanation could be excluded.
Furthermore, we also plot the temperature dependent orthorhombic distortion of lattice in the Fig.3a , which is definitely proportional to . It is very clear that both and can not be scaled to . The key to solve the discrepancy between and is to consider a nontrivial which is not simply proportional to . As we discuss previously, could be expressed as a linear combination of both and as [32] :
Considering that both and are weakly temperature-dependent below T nem , the expression could be simplified as [32, 45] , supporting a novel spin-orbital entanglement in the nematic state. This is another main finding in the present work.
Recently, the bulk magnetic susceptibility measurements on FeSe single crystal with a uniaxial strain also revealed a similar in-plane anisotropy of spin susceptibility [46] . Due to the external strain effect, the starting temperature for such in-plane anisotropy is observed even slightly above T nem . It is difficult to exclude a possible strain effect in this experiment. Since our present NMR result is performed without applying any external strain, the strain effect could be easily excluded. On the other hand, the in-plane anisotropy in bulk magnetic susceptibility could be ascribed to a short-range stripe magnetic order [46] . In this case, the short-range magnetic order would only affect the linewidth of NMR spectrum but not uniform spin shift. While the anisotropy of local spin susceptibility observed in the present NMR experiment is extracted from the uniform spin shift instead of linewidth (see Supplementary Information S7), which rules out the short-range magnetic order scenario.
Evidence for spin-space anisotropy: dynamic spin susceptibility
In order to further prove the spin-orbital entanglement in the nematic state, we also studied the nuclear spin-lattice relaxation. In general, the quantity of (spin-lattice relaxation rate divide by T) measures the strength of low-energy spin fluctuations with , where is the q-dependent dynamic spin susceptibility and is the q-dependence of hyperfine form factor [36] . When dynamic spin susceptibility also exhibits a significant anisotropy due to spin-orbital entanglement in the nematic state, the would be also anisotropic.
Besides the spin-space anisotropy, the k-space anisotropy due to orbital order (Fig.1a) would also affect the anisotropy of if the dynamic spin susceptibility mainly comes from (π, 0) spin excitation (see Supplementary Information S8 for details).
This has already been discussed in NaFe 1-x Co x As [35] . In this case, a specific is needed to make the measured anisotropy in sensitive to the k-space anisotropy of the dynamic spin susceptibility. Otherwise, the k-space anisotropy due to orbital order would not affect the anisotropy in effectively. After careful analysis on the for both 77 Se and 57 Fe nuclei, we find that only 77 Se nuclei could satisfy above requirement on . Therefore, only the anisotropy of for 57 Fe nuclei will be simply related to the spin-space anisotropy.
As shown in Fig.4a Therefore, our nuclear spin-lattice relaxation measurement also supports a spin-orbital entanglement in the nematic state.
Discussion
Although SOC always leads to a twist of spin and orbital d.o.f., the sizeable spin-space anisotropy observed in the present study is totally unexpected for the Ising nematic state with moderate SOC. In FeSCs, the Ising nematic order always leads to a twist between the anisotropic spin correlation in k-space and orbital order as shown in Fig. 1a [47] . Since the anisotropic spin correlation in k-space has nothing to do with the anisotropy in spin space, only orbital order could lead to the spin-space anisotropy in the Ising nematic state through SOC. Such SOC-induced spin anisotropy is almost negligible and should be proportional to the order parameter of orbital order [32, 45] .
Obviously, this completely conflicts with the present NMR results. It should be emphasized that the above discussion only considers the Ising nematic order in well-studied local spins scenario or itinerant electrons scenario [48] . However, considering a strong orbital-dependent correlation, we would expect the coexistence of local spins and itinerant electrons in a real system, which has already been proposed within a two-fluid model for FeSCs [49] . In our case, the electrons on 3d xy orbital play a dominant role in local spins, while the electrons on 3d xz or 3d yz orbital mainly serves as itinerant electrons. As shown in Fig.5 , the local spins and itinerant electrons are coupled together due to the Hund's coupling [49] (see the caption in Fig.5 for details). Here, the nematic transition acts as a switch to turn on the coherent coupling between local spins and itinerant electrons, which makes the system enter into a coherent state [41] [42] [43] [44] . In such correlated quantum liquid state, our present NMR results indicate that SOC can lead to a strong entanglement between spin and orbital d.o.f. (Fig.5) , which comes from the interplay between the Hund's coupling induced electronic correlation and SOC. Further theoretical studies are required to figure out the exact mechanism for such spin-orbital entanglement.
Following the above scenario, such novel spin-orbit entanglement would also affect the superconducting state. Recently, an extremely anisotropic superconducting gap has been observed in the bulk FeSe [15, 16] . This strongly suggests that the uncovered spin-orbit entanglement in present work also plays a key role to determine the superconducting pairing in FeSe. Interestingly, previous NMR study found that the Knight shift does not show a clear decrease in superconducting state [32, 33] , which leads to an argument on p-wave pairing [16] . This might be also related to the spin-orbit entanglement observed in the present study. Moreover, the spin-orbit entanglement could further induce an exotic high-field superconducting phase, which has been suggested by the recent high-field study [50] . The present work brings a deep understanding on the interplay between electronic correlation and SOC in FeSCs. 
Additional Information
The authors declare no competing financial interests. Correspondence and requests for materials should be addressed to T. W. (wutao@ustc.edu.cn) and
X.H.C.(chenxh@ustc.edu.cn).

Method
Sample preparation and characterization. The 57 Fe isotope enriched (>98%) FeSe single crystalline samples are grown by the same method as described in previous work [51] . Since the as-grown samples have a regular square-like shape, the natural edge of the samples is always along the crystallographic directions (along Fe-Se-Fe), which helps us to mount our sample in NMR coils. On the other hand, the crystallographic directions could be also checked by the angle-dependent NMR Experimental determination of spin and orbital shifts. Knight shift measure the local hyperfine field on specific lattice sites, which originates from hyperfine interactions between nuclei and its surrounding electrons. Generally, , the temperature dependent part (spin shift ) can be formulated as the product of spin hyperfine coupling tensor and local spin susceptibility .
Without change in the orbital configuration (a constant hyperfine coupling), a linearity between (uniform bulk susceptibility) and is expected [52] . . It should be noted that above estimation suffers uncertainty due to the lack of exact information on diamagnetic susceptibility and orbital hyperfine constant [52] .
The origin of hyperfine coupling tensor in spin shift. Considering a multiple contribution due to hyperfine coupling tensor on the spin shift ). Note that a moderate SOC-induced spin anisotropy is negligible for FeSe above T nem , which is verified by recent RPA calculations [45] and also our bulk magnetic susceptibility measurements(see supplementary information S3 . For example, the c-axis of the lattice is the parallel direction for electrons with 3d xy orbital character. The rest can be determined by the same manner.
In our experiments, we observed a large anisotropy in α ( = a, b, c) and .
This would indicate a dominated 3d xy orbital configuration. Similar analysis on orbital dependent spin susceptibility has already been conducted for Sr 2 RuO 4
[54]
. Since strong orbital-dependent correlation effects have already been observed in iron chalcogenides (mentioned in the main text), besides the anisotropic hyperfine coupling tensor, the orbital dependent spin susceptibility should also be considered. In general, for a multi-orbital system, the spin part of Knight shift due to different 3d orbitals can be simply written as the following expression [55] :
is the hyperfine coupling tensor for different 3d orbital. is the orbital-dependent local spin susceptibility. With only consideration of the three T 2g orbitals, the total local spin susceptibility could be expressed as in the tetragonal phase (Notice that 3d xz and 3d yz orbitals are equivalent). Considering the orbital-depenedent correlation effect, 3d xy orbital has a stronger correlation-induced renormalization effect on local spin susceptibility than the other 3d orbitals. In such case, the local hyperfine field and its anisotropy in NMR experiment should have a dominated character of 3d xy orbital. This is also consistent with our experimental observations.
On the other hand, since NMR is a local probe, we could also use orbital-dependent , we can roughly estimate a population difference .
A significant involvement of electrons with 3d xy orbital is also recognized. . For a trivial orbital order, spin susceptibility only has negligible anisotropy with a moderate SOC [45] . (indicated as the dashed black line). Meanwhile, two kinds of structural domains with different orbital polarization appear equally, which always leads to a splitting in NMR spectrum with (Fig.1b and Fig.1c ). Due to SOC, local spin susceptibility is expected to gain a slight anisotropy in each domain [45] (indicated as a pink ellipse in plot). Meanwhile, the dynamic spin correlation is coupled with orbital order and also shows anisotropic nature. Here, whatever the driving force for such Ising nematic transition, the orbital order and anisotropic dynamic spin correlation are always twisted [47, 48] . between 3d xz and 3d yz [17] . Considering a 3d xy orbital dominant local spin d.o.f., a negligible SOC effect is expected for the local spin d.o.f. above T nem . This is consistent with the previous INS experiment [12] and nearly isotropic temperature-dependent bulk magnetic susceptibility(see supplementary information S3 In this temperature region, both the present NMR and the previous INS experiments [12] give a sizeable spin-space anisotropy for the local spin d.o.f.( >0) (ellipsoid with long axis along a and c crystallographic directions at the left bottom inset).
